The vulnerability of a fractured aquifer was quantified in the River Sordo basin (northeast Portugal) to check the risk of groundwater contamination in that watershed. Vulnerability was evaluated by Multi Criteria Analysis (MCA) and compared with DRASTIC results.
INTRODUCTION
The estimation of aquifer vulnerability is critical for the implementation of ground water quality protection programs. Over the last decades, a variety of methods for the modelling and mapping of aquifer vulnerability have been developed, with the aim of assisting decision making (e.g. Focazio et al. 2005) . Usually, these methods consider similar factors but may use different approaches for data integration, being grouped into four categories: lumped parametric indices (Aller et al. 1987) , statistical procedures (Masetti et al. 2009; Sorichetta et al. 2011) , process-based algorithms (Neukum and Azzam 2009), and/or a combination of these methods (Yu et al. 2010) . In all cases, the modeling involves integration of hydrogeological (e.g. recharge), geomorphologic (e.g. terrain relief) and soil characteristics, and requires large datasets for execution. For this reason, the assessment of aquifer vulnerability by standard methods is costly and time consuming. Because of its high cost, standard aquifer vulnerability maps tend to be static documents, valid solely for the moment of their elaboration, failing to account for the temporal evolution of specific vulnerability resulting from changes in the land use of the target areas. In the end, these maps may become useless in the outline of groundwater quality management policies. To circumvent this setback, the actuality of conventional aquifer vulnerability maps could be monitored by analogue maps elaborated by expeditious methods based on easily collectable data. A low cost pathway towards aquifer vulnerability monitoring could be the use of specific groundwater quality parameters as vulnerability indicators, for example the concentrations of nitrate and sulphate in areas dominated by agriculture (Huan et al. 2012; Javadi et al. 2011a,b; Neshat et al. 2014; Panagopoulos et al. 2006) . In this case, the sole data required for the study of vulnerability would be the chemical analyses of groundwater samples. The tool to process this data could be the Multi Criteria Analysis (MCA) as because this technique proved efficient in other studies of groundwater contamination (Rezaei et al. 2012) as well as in studies of solute transport (Dou et al. 1999) , environmental assessment (Garfi et al. 2011) , or water resources management (Chowdhury and Rahman 2008) . MCA includes the definition and standardisation of environmental factors that are relevant to the problem, followed by its weighted linear combination.
Standardisation is accomplished by fuzzy logic whereby the original factors are converted into scores that are calculated by a probability function (Jiang and Eatman 2000) . Weighted linear combination is a sum of standardized scores, previously multiplied by predefined weights (Eastman 2012) .
A number of studies integrated standard aquifer vulnerability maps with groundwater quality parameters to study the risk of groundwater contamination (e.g. Huan et al. 2012; Wang et al. 2012) . But the purpose was never the establishment of a framework where the standard map could be updated at short time intervals by an expeditious analogue map. The objective of this work is to take that step forward, by coupling the estimation of aquifer vulnerability by a standard method with its evaluation by MCA, verifying the reliability of using the two approaches as analogues. As the DRASTIC (Aller et al. 1987 ) is commonly used for determining aquifer vulnerability, it will be adopted as standard in this study.
AREA OF STUDY
The hydrographic basin of River Sordo, which is integrated in the large River Douro basin where the famous Port Wine is produced, is located in the region of Trás-os-Montes and Alto Douro, in northeast Portugal. With an area of approximately 50 km 2 , the River Sordo basin is a radial shape catchment situated between the northern latitudes of 41º16'05.57''41º20'12.81'' and western longitudes of 7º55'21.82'' 7º45'42.45'', covering a large portion of the Vila Real municipality (Figure 1 ).
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The River Sordo is a right margin tributary of River Corgo that debouches into River Douro. It is a mountainous river of the Marão cordillera where the altitudes vary between 300 and 1100 meters above sea level, the annual precipitation exceeds 1000 mmyr 
MATERIAL AND METHODS

Digital Database and Computational Tools
The digital data pertaining to drainage network and topographic contours of River Sordo basin cover sheets nº 101 and 114 of the Portuguese Topographic Map at the 1:25 000 scale, being available at http://www.igeoe.pt. Based on the topographic contours, a Digital Elevation Model was calculated, from which a terrain slope map was produced (Figure 1) following the Embrapa (1999) classes (Table 1) The concomitant results, compiled in that report and summarized in the Appendix A. The drainage network, topographic contours and soil map, as well as the spring site locations, were originally referenced to the planimetric datum Lisboa Hayford Gauss with the Universal Transverse Mercator (UTM) projection. The geographic coordinate system of CLC2007 is International 1924 with UTM projection. All maps generated for this study were re-projected so they are referred to a single coordinate system: the UTM projection, Zone 29, with the planimetric datum WGS84 (World Geodetic System 1984), equivalent to the SIRGAS2000 (Geocentric Reference System for the Americas).
All the computational modelling of the spatial data was executed by the IDRISI Selva software (Eastman 2012) , developed by the Clark Labs researchers working at the Geography Department of the Clark University (http://www.clarklabs.org). Some maps were drawn using the ArcGIS/ArcMap software developed by ESRI (2010). Apart from ordinary GIS toolsets that allow for analysis, processing and combination of terrain data, the IDRISI Selva software incorporates a set of modules dedicated to the process of decision making, namely algorithms for multi-criteria analysis and weighted linear combination. Since their recent massification, GIS tools became essential in studies with a strong geographic component, and have been used in many environmental projects focused on a diversity of issues: the prevention of groundwater contamination (Pacheco et al. 2015) , the assessment of land use conflicts and the evaluation of their impacts on soil erosion, groundwater quality and riverine ecosystems (Pacheco et al. 2014; Valle Junior et al. 2015) , the prediction of climate change and human related impacts on the hydrology of river catchments and the survival of endangered aquatic species (Santos et al. 2014) , the uncovering of natural and anthropogenic sources to groundwater composition (Pacheco and Van der Weijden 2012a ,b, 2014a Pacheco et al. 2013) , and the modeling of flow and solute transport in aquifers (Pacheco 2013 (Pacheco , 2015 Pacheco and Landim, 2005) .
Flowchart
A flowchart describing the combined use of a reference method and a monitoring method for the elaboration and updating of aquifer vulnerability maps is illustrated in Figure 6 . In a first stage, hydrogeologic, geomorphologic and soil characteristics are combined with land uses in the study area to set up intrinsic and specific vulnerabilities for the local aquifer, respectively. In a second stage, a group of groundwater quality parameters is selected to produce an analogue representation of the overall (intrinsic plus specific) aquifer vulnerability. In case the vulnerability maps generated by Stages 1 and 2 are alike, final vulnerability maps (reference plus analogue) are generated to be used, for example, as tools in groundwater quality protection programs. Otherwise, other groundwater quality parameters have to be selected and Stage 2 is repeated. The final vulnerability maps are valid until changes in land use resulting from political decisions or social and economic development take place that modify significantly the specific vulnerability of the aquifer.
These changes can be reported to water managers through updated versions of land use maps, and eventual impacts to groundwater quality resulting therefrom can be detected in monitoring campaigns of the physicochemical parameters. In case the impacts are negligible the vulnerability maps in use need no change. Otherwise, a new map based on the reference method is generated (return to Stage 1) followed by the production of a new analogue map based on the monitoring method (return to Stage 2). In the context of a groundwater quality protection program, the original or updated versions of the vulnerability maps will be used to evaluate the potential risk of groundwater contamination and to propose mitigation measures in case the risk is high, after discussion of these subjects with stakeholders that include politicians, entrepreneurs, opinion makers, general public.
The Reference Method
The reference method is the DRASTIC. The developers of DRASTIC model (Aller et al. 1987 ) were a committee of the United States Environmental Protection Agency (EPA) and the model calculates an intrinsic vulnerability index based on a weighted addition of seven factors forming the DRASTIC acronym:
where X represents a factor and w a weight. The number of factors (p) Further details on the original or adapted versions of the DRASTIC model are beyond the scope of this paper and can be found in the above mentioned publications or elsewhere.
The Monitoring Method
The method proposed in Figure 6 to be adopted as monitoring method is the Multi Criteria Analysis (MCA), applied to a group of groundwater quality parameters.
Groundwater Quality Parameters
The Portuguese Decree-Law nº 236/98, officially published in 1 August 1998, established the rules, criteria and objectives of water quality with the main purpose of protecting the aquatic media and improving the quality of surface and ground waters as a function of their main uses: human consumption, aquatic life support, bathing and irrigation. In complement to this law, the Portuguese Water Institute (INAG) proposed a scheme for the classification of water quality based on a number of physical and chemical parameters, to be used as technical support in political decisions concerning the protection of demanding ecosystems (OECD 2001) . Some of these parameters can be related to the contamination of water by agricultural activities, namely in the course of an excessive application of commercial fertilizers on farm lands, which also corresponds to the main source of groundwater contamination in the study area (River Sordo basin). Being a standard in the evaluation of water quality in Portugal, the INAG classification scheme and parameters (Table 2a) will be incorporated into MCA.
Multi Criteria Analysis
According to Malczewski (1999) , any multi criteria analysis is a three step procedure involving (1) the selection of factors and restrictions with subsequent elaboration of pixel based (raster) maps describing their spatial distribution, (2) the allocation of a weight to each factor, and (3) the combination of weighted factors and restrictions forming a final MCA map.
Selection of factors and restrictions
Factors are variables that exhibit values on a continuous scale. In this study, they are represented by the eight groundwater quality parameters listed in Table 2b and has been calculated as follows: (a) the upper limit of quality classes A, B, C and D in Table 2a (e.g. 10 mg/L in the case of upper class B limit of factor sulphate) were attributed the sub-indices 0.9, 0.7, 0.5 and 0.3, respectively; (b) these upper limit and subindex values were projected on a scatter plot upper limit versus sub-index, the procedure being repeated for each factor; (c) a trend line was fitted to the scatter points, being
represented by a polynomial function (column 3 of Table 2b ); (d) factor values corresponding to sub-indices in the interval 0.1 to 1, with step 0.1, were estimated using the polynomial functions (columns 413 of Table 2b ). Restrictions discriminate areas that should or not be evaluated for vulnerability, through the elaboration of Boolean raster maps filled with discrete values of 0 (suited for evaluation) or 1 (not suited). The surface water lines of River Sordo basin were classified as not suited because they frequently correspond to discharge areas of the fractured aquifer and therefore are inherently classified as fragile areas (sub-index = 0 in every factor). Abbaspour et al. (2011) adopted factors, restrictions and transformation functions similar to those used in this study.
Weighting of factors
The next step towards the evaluation of aquifer vulnerability using MCA is the weighting of factors. The adopted technique is known as Analytic Hierarchy Process and was developed by Saaty (1980) , being recently incorporated into the IDRISI Selva software as WEIGHT module (Eastman 2012) . Firstly, factor names are used as row and column heads of a square matrix (Table 3) . Secondly, factors are compared in a pair-wise mode regarding their relative importance in the evaluation of aquifer vulnerability. The comparison is quantified using a number between 1/9 (extremely less important) and 9 (extremely more important). This number (n) will populate the lower triangle below the main diagonal of the square matrix while its reciprocal (1/n) will populate the upper triangle. Table 3 depicts the choices of n and 1/n as regards the present case study. Thirdly, the main eigenvector of the square matrix is calculated, the components of which are final weights of the factors (last column of Table 3 ). Finally, a statistical index is calculated, to check whether the factor weights are consistent. This so-called consistency ratio (CR), which ranges from 0 to 1, measures the probability of matrix values to be generated in a random manner. As reported in Saaty (1980) , when this probability becomes greater than 10% (CR ≥ 0.1) the choices of n and 1/n are not truthful and hence must be reassessed.
Evaluation of aquifer vulnerability
In a final step, aquifer vulnerability is calculated by Weighted Linear Combination as implemented by the WLC module of IDRISI Selva software (Eastman 2012) . In a run of this module, maps of factors (e.g. pH, nitrate, etc.) are produced for the study area by interpolation of factor values measured at the monitoring points (e.g. Figure 5 ).
Subsequently, these maps are joined with tables that set up correspondences between factor values and sub-indices (Table 2b ) to produce maps of standardized factors (X i maps, where i represents a factor). Additionally, the drainage network map is used to draw a restriction map (Y j map, where j is the restriction), whereby pixels closer than ten meters to a water course or a lake are assigned a score of 0 and the remaining pixels a score of 1. Finally, the aquifer vulnerability map (S map) is calculated by the equation:
, for every pixel in the map (2) where w i is the weight of factor i as calculated by the WEIGHT module described in the previous section, p is the number of factors (8 for the present case study) and q the number 14 of restrictions (1 for the present case study). At the end, S values are reclassified into four vulnerability classes, from invulnerable to extremely vulnerable, according to Table 4 .
Interaction between the Reference and Monitoring Methods
For the sake of comparison between the results of DRASTIC (reference method) and MCA (monitoring method), vulnerability classes of DRASTIC (Aller et al. 1987 ) are reclassified in the interval 01, according to Table 5 , and subsequently a matrix is calculated by crosstabulation of the reclassified DRASTIC and the MCA results. Based on the results of this cross tabulation, a decision is made about the reliability of using DRASTIC and MCA as analogue models.
RESULTS AND DISCUSSION
Results
The DRASTIC map of River Sordo basin is reported in Pacheco and Sanches Fernandes (2013) and resulted from application of this method to a variety of hydrogeological, geomorphologic and soil data, being illustrated in Figure 7 . This figure is now reproduced for the sake of comparison with the map generated by application of MCA to the groundwater quality data listed in the Appendix A. The DRASTIC map portrays intrinsic vulnerability in the basin as a background of low vulnerability areas (100 < DRASTIC < 119; class 3 of Table 5 ), marked by the hard rock geology. These areas are, however, interrupted by spots where vulnerability is moderate (120 < DRASTIC < 139; class 4) due to the presence of alluvial cover deposits or the contact areas between metassediments and granites ( Figure 2) , and by spots where vulnerability is very low (80 < DRASTIC < 99;
class 2) because hillside slopes are very steep (Figure 1 ).
The MCA map is illustrated in Figure 8 . then concentrations of these ions are self determined and hence these quality parameters are independent and suited to be used in MCA. But if they result from dissolution of the same fertilizer, redundant correlations will develop between their concentrations reducing their independency and therefore their suitability to be used in MCA. Despite the slight discrepancy between the results of MCA and DRASTIC, it should be recognised that more than 96% of the basin, as determined by the target or control models, falls within the invulnerable and weakly vulnerable classes (Tables 4 and 5 ). This is strong indication that target and control models are comparable, or in other words that the control model can be classified as analogue of the target model. Furthermore, the control model, which uses solely groundwater quality data as factors in the aquifer vulnerability evaluation, proves to be simpler and less costly than the target model, which requires the assemblage of hydrogeological, geomorphologic and soil data. Hence, it can be finally stated that MCA is suited for the monitoring of aquifer vulnerability at short time intervals.
Discussion
Hydrological sustainability
Sustainability is a manifold concept, approachable from many points of view: hydrological, ecological, economic, social, legal, institutional, inter-or intra-generational, and political (Llamas et al. 2006) . It is unlikely that all aspects of sustainability can be achieved at the same point in time. This study is focused on the hydrological perspective of sustainability, namely on the topic of groundwater quality protection. Presently, the vulnerability status of River Sordo basin is low and the risk of groundwater contamination is small. This is a benefit for the region because the basin drains to a lake that is the main resource of drinking water for a community of 50 000 people. However, attention must be paid to eventual changes in land use resulting from social or economic development or due to future political decisions. This awareness is critical because the accomplishment of a local hydrological sustainability through the establishment of a monitoring programme concerning aquifer vulnerability levels across the target area will be successful solely if the environmental dimension discussed in the present paper is accompanied by the social, economic and political dimensions that were incorporated in Figure 6 but not addressed. across the basin has a limited impact on the quality of Sordo lake water. In this study, the impact analysis is supported by more information concerning the lake water, namely data on the quality parameters used in MCA (Table 2b ). These data were assembled from the Portuguese Water Institute (http://snirh.pt) for the period 20002010. The purpose was to calculate an overall sub-index value based on the transformation functions listed in Table   2b and the factor weights given in Table 3 , and to associate a concomitant quality class to the lake water in each year. The results are illustrated in Figure 10 and confirm a rewarding status for the River Sordo lake water, which is essentially ranked as very good (class B of Table 2a ) with just a few exceptions where the grade dropped to good (class C).
Water Framework Directive
While the River Sordo basin seems to have an intrinsic self defense ability, which allows Sordo lake water to remain uncontaminated even in the presence of relevant potential threats (26.8% of areas used for agriculture), events of excess fertilizing should nevertheless be prevented. In this context, some general recommendations are pertinent in (2013) drew the boundaries of main recharge areas using oxygen isotopes, which correspond to the highlands (see Figure 1 and Figure 7) . Inside their boundaries land use should be conditioned, for example by legally imposing special protection zones for aquifer recharge where only some economic activities could be licensed.
Land use planning
Land use alterations whose objectives are usually based upon short sighted economic benefit to owners, give little concern to integration with the regional landscape. The euphemistic term "development", applied to land use alteration, has largely taken the pragmatic form of engineering for short term economic objectives, losing sight of longer term perspectives on environmental sustainability. The results are an unbalance situation, which leads to adverse effects on soils as well as on the quantity and quality of water resources (Collin and Melloul 2003) . In the River Sordo basin, the combination of a multi criteria analysis of soil vulnerability with an evaluation of environmental land use conflicts showed that soils are at effective risk of degradation in approximately 10.4% of the area.
And the main cause for the potential degradation of the soil was found to be the invasion of steep slope hillsides by irrigated crop lands, vineyards and olive yards (Valle Junior et al. 2014a ). This unbalance situation is also found to be the cause of ground water contamination around those crop lands (Valle Junior et al. 2014b) . A solution to the problem could be a progressive return of conflict areas to a balanced situation. This would 21 require the elimination of land use conflicts by readapting the target areas to the so-called natural land uses, set up on the basis soil suitability, i.e. on the comparison between the soil characteristics (temperature regime, rooting conditions, fertility, toxicity, drainage, water availability, erosion risk, presence of obstacles) and the requisites or limitations of a particular land use.
CONCLUSIONS
The simultaneous production of DRASTIC (defined as reference) and MCA (defined as monitoring or analogue) maps was found to be crucial for the incorporation of aquifer (Table 2b) concerning spring water samples collected at the sites displayed in Figure 5 in September 2002. Source: Alencoão et al. (2003) . Symbols: see Table 2a . Figure captions A c c e p t e d M a n u s c r i p t Figure 6 
